This paper reviews scientific understandings relevant to the dry powder inhaler (DPI) 
Introduction
There have been significant advances in the development of dr y powder inhaler (DPI) products since the first commercial DPI was launched in the late 1940s 1) . Innovations of both formulations and devices have been made to achieve increased delivery efficiency and reproducibility of therapeutic agents to the target sites. Nevertheless, DPIs are complex deliver y systems and slight changes of factors associated with flow profile or formulation may have significant impact on the performance of DPIs. Conventional methods of DPI development are mainly based on trial and error. It is not easy to scientifically interpret the aerosolization process from a static metered powder, by means of aerodynamic interaction with inhaled air, to the respirable particle generation. This is due, at least in part, to the incomplete fundamental understandings of the turbulent fluid dynamics occurring in the DPI devices, the microparticle entrainment in turbulent air condition, and heterogeneous microparticle interactions as a result of fluid forces. Moreover, great differences in DPI devices, formulation designs, and metering mechanisms further contribute to the overall complexity. In sight of these complexities, a set of standardized entrainment tubes (SETs) were designed to cover a range of airflow parameters observed in selected passive DPIs 2) . SETs have been employed to evaluate a wide variety of formulations [3] [4] [5] [6] [7] . Nevertheless, a fundamental understanding of the airflow and microparticle behavior in the SETs is a prerequisite for performance prediction of DPIs. Establishing the nature of formulation discrimination by SETs with respect to DPIs also requires experimental comparison between SET and DPI. The first aim of this paper was to briefly discuss current understandings of the fundamental aspects of airflow and microparticle behavior in SETs and DPIs. The paper starts with some basic fluid mechanics knowledge of turbulent pipe flow (Section 2); then it is followed by microparticle entrainment in these turbulent conditions (Section 3) and the interpretation of heterogeneous particle interaction using powder aerosol deaggregation equation (PADE, see Section 4) . In addition, the necessity of using SETs was addressed (Section 5). The second aim of this paper was to experimentally compare the aerosol performance of SETs vs. DPIs using selected formulations (Section 6). It is proposed that using SETs as device independent screening tools, the aerosol per formance of DPIs with defined airflow parameters can be predicted by interpolation from the PADE fitted regression curves.
Characteristic Turbulent Pipe Flow
Turbulent airstreams are generally recognized as the major source for particle deaggregation within typical DPI flow rate. However, the detailed nature of turbulent fluid flow and its interaction with the aerosolized particles are still not fully understood.
In typical turbulent flow, large-scale motions are strongly influenced by the boundar y conditions, while the small-scale motion is determined by the rate of energy received from the large scales and the fluid viscosity. Eddies carry turbulent kinetic energy distributed over a broad range of scales. Turbulent airflow within a circular pipe consists of three regimes: an inviscid turbulent core, a viscous laminar sublayer, and a buffer layer where transition from turbulent to laminar flow occurs 8) . The velocity vector in turbulent flow varies, but with a mean velocity vector parallel to the wall. Although DPI devices have much more complex flow profiles than circular pipes, the nature of flow inside them can be characterized similarly by several closely related airflow parameters including Reynolds number (Re), shear stress ( s ), pressure drop ( P ), and power, which in turn, determine the dispersion efficiency of the aerosol formulation. Among these parameters, Re of the device is the ratio of inertial forces to the viscous forces. It is often used for prediction of turbulence (e.g. Re>4000 for fully developed airflow in circular pipe). The value of Re to characterize a specific DPI device at defined airflow rate is dependent upon geometry, time scales and initial disturbances 9) . At high Re, the random motions of turbulent flow can be treated statistically for the characterization of the turbulent properties, and statistical fields (continuum fluid properties) var y smoothly in position and time.
Shear stress is caused by one sheet of fluid sliding over another. Apparently, it varies within the cross section of a pipe or DPI device and depends on the flow geometry and Re. The total shear stress in a pipe is the sum of the viscous stress and the Reynolds stress 10) . :
Relating Kolmogorov scales and dynamic viscosity at high Re, the viscous shear stress ( s ) arising from the turbulent energy transfer can be obtained as 11) :
where and are the dynamic and kinematic viscosity of the air ( 2 10 -5 kg/(m s) and 1.5 10 -5 m 2 /s), respectively.
The kinetic energy dissipation can also cause P in a pipe flow or DPI devices. The P measured using manometer up-and downstream of a DPI device yields a combined value of both viscous and inviscid contribution 12) , but either contribution can also be measured separately 13) . A flow independent parameter, specific resistance (R D ) of the DPI device can be obtained by relating P measured and volumetric flow rate Q 12) . The R D is an intrinsic value that is dependent on the DPI internal geometr y and dimension. DPI devices with higher R D will result in lower volumetric airflow rate due to the capability of patients maneuver. So optimum R D exists for the best performance of a specific DPI. The power is the rate of work done or inspiratory effort during inhalation, so its value is related to the patient condition and inhalation capability 14) . The airflow parameters (Re, s , P, and power) mentioned above are positively correlated in general, and they have close relationship with particle detachment and dispersion. Using conventional or computational fluid dynamics (CFD) technique, the air flow profiles of some DPI devices or dif ferent kinds of pneumatic tubes were characterized and correlated with particle aerosolization performance previously 2, [15] [16] [17] .
Particle Entrainment
Principal forces leading to particle resuspension and entrainment are primarily believed to be turbulence, shear stress, collision, centrifugal, and relative motion 9) . Two theoretical models, force balance and energy accumulation were developed for particle resuspension in turbulent flows 18) . When the turbulent air flow entrains through a pipe or DPI device, it exerts aerodynamic forces or moments on the static dry powder to overcome the interparticulate or surface forces. Once fluid forces reach a critical value to balance adhesive forces, particle detachment occurs. For example, the critical diameter for the separation of two identical spheres can be estimated by equating the viscous shear force to the adhesive van der Waals force 9) . Somehow the aerodynamic lift forces could be smaller than adhesion forces by several orders of magnitude because of rolling and sliding [19] [20] [21] . Once resuspended, the particles move/rotate along the downstream airflow or collide with other particles or walls by momentum transfer. The mechanism of turbulent "burst" within the viscous sublayer has been used to explain particle detachment, but its contribution is controversial 21, 22) . From another perspective, the flow transfers the turbulent energy into the powder bed. Particles can be resuspended when sufficient energy is accumulated to overcome the adhesion potential resulting in entrainment 23) . There are several advantages in using the energy accumulation model. It accounts for the resuspension below the critical flow velocity. It also takes into account of the time scale and explains the time dependence of particle resuspension that was obser ved experimentally. Furthermore, it implies that particle resuspension is analogous to the desorption process that occurs on a molecular level 24) .
Heterogeneous Microparticle Interactions
The aerosolization of a powder from DPI is a heterogeneous process with respect to both formulation and airflow condition.
Pharmaceutical powders are inherently heterogeneous, which can be classified in terms of geometric and energetic perspectives. The former includes particle size, size distribution, morphology, surface asperities, meso-/micropores, and particle deformation, and the latter, the energy density distribution caused by surface amorphous content, polymorphic state, and surface impurities 5) . The heterogeneity feature is also a characteristic of mutual interaction between particles rather than an independent particle. Solid particles cannot follow fluid motion rigorously due to inertia. Non-spherical particles, surface roughness, particle size distribution, particle concentration are a few factors that could perturb the homogeneity of the turbulence field.
Particle motion associates with a turbulent flow field that has a statistical origin. The heterogeneity described in microparticle dispersion is analogous to that in surface adsorption, which averages local thermodynamic quantities and treats them statistically. In previous studies, standardized entrainment tubes (SETs) were used to comprehensively study the aerosolization performance of carrier-based formulations 3, 4, 6) . Based on the experiments and fundamental data interpretation, the forces acting at the particle interfaces appear to be analogous to those at the molecular level, and models of molecular surface occupancy, described by an adsorption expression, can be adapted to fit microparticle dissociation, from which a powder aerosol deaggregation equation (PADE) was developed 5) . Briefly, PADE is a method that directly correlates fine particle fraction (FPF) with s using an algebraically equivalent expression to that of surface adsorption. FPF is the proportion with respect to the nominal dose (here is the total dose) in a size range considered sufficiently small to enter the lungs. Eqs. 3 and 4 are PADE Langmuir-type nonlinear and linear regression equations, respectively 5) .
where FPF max is the characteristic FPF at s approaching invariant region, and fur ther increase of FPF would require comminution of the drug or carrier particles, k d is defined as the deaggregation constant. The advantages of PADE are that the effect of different formulation performance and the heterogeneity can be discussed in terms of theoretical or empirical surface adsorption models and measured experimentally to describe microparticle surface dissociation in a s range, and it is suitable for quick and accurate prediction of the dynamic deaggregation mechanisms for pharmaceutical aerosol formulations having surface energy heterogeneity and lateral interaction forces.
SETs vs. DPI Devices
The turbulent airflow profiles within the DPI devices may vary greatly because of short and tortuous internal channels in the device design. Complex designs including internal mesh or grid, compact sizes, formulation enclosure such as capsules, are aimed at enhancing dispersion efficiency and reproducibility, but may also produce complex flow fields. The presence of grid in DPI devices may cause increase or decrease in grid turbulence depending on a variety of factors such as the turbulent flow field, grid type and spacing 25, 26) . The compact sizes of DPI devices are often insufficient for turbulent flow to fully develop. The viscous effects of the airflow are not uniformly spread throughout due to insufficiently developed flow. The use of capsules may also influence the flow field and contribute to additional particle fluidization and deaggregation mechanisms 9, 17) . Consequently, the study of the turbulent flow field and the particle entrainment using DPI device directly is difficult. In addition, the particle entrainment and deaggregation in different DPI devices can vary greatly, due to the different device resistance and dispersion mechanisms. It was suggested that performance comparison between difference DPIs be carried out at a given pressure drop, instead of a fixed airflow rate 27) . Historically, fully developed pipe flow, due to its geometric simplicity, has been extensively studied to increase the experimental and theoretical understanding of wall-bounded turbulence interactions. Likewise, a series of standardized entrainment tubes (SETs) was developed as a standardized method for the DPI formulation evaluation 2, 5) . These SETs have fully developed airflow profile. Their airflow parameters (Re, s , P , and power) encompass those of DPI devices 2) . This allows correlation between airflow parameters and formulation performance. Using SETs also eliminates the confounding factors caused by DPI devices and allows focus on formulation effect.
If microparticles are contained within the viscous sublayer of an SET or DPI device, they experience a mean shear flow that produces a combination of translational and rotational motions such as lifting, rolling and sliding contribute to initial particle detachment. Assuming the particle entrainment and deaggregation in an SET or DPI device are governed by these aerodynamic forces within the Kolmogorov scale of turbulence and, s is expressed as Eqs. 1 and 2, the aerosolization performance of both SET and DPI device should be comparable.
Experimental

Material and methods
Formulations
Two micronized pulmonary drugs, disodium cromoglycate (DSCG, Sigma-Aldrich, Inc., St. Louis, MO) and albuterol sulfate (AS, Pfizer Global R&D, Kent, UK) were used. Two carriers, α-lactose monohydrate (Lac) (DMV Fonterra Excipients, Goch, Germany) and D-Mannitol (Mann) (Sigma-Aldrich, Inc., St. Louis, MO) were used. The preparation of carrier-based formulations with drug concentration at 2 %w/w was described previously 3) . They are interactive physical mixtures of DSCG-Lac and AS-Mann. The physico-chemical characterization including morphology (scanning electron microscopy), thermal properties (differential scanning calorimetry), crystallinity (X-ray powder diffraction), and particle size distribution (laser diffraction) of both formulations were reported previously 3, 6) .
Devices
A series of seven SETs with their airflow parameters encompassing commercial DPIs were applied. Two commercial DPI devices, Rotahaler ® (Glaxo Smith Kline, RTP, NC) and Aerolizer ® (Novartis, NJ)
were compared with SETs. s values within all the SETs and DPI devices were calculated by applying Kolmogorov turbulent theor y (Eqs. 1 and 2) and reported previously 2, 5) . Two types of size 3 hard capsules: the gelatin (Capsugel ® , Greenwood, SC) and HPMC capsules (Vcaps ® Plus, Greenwood, SC) were used in the DPI devices.
In vitro aerosol performance characterization
The aerosolization performance efficiency represented by FPF and emitted dose (ED) was generated using a twin-stage liquid impinger (TSLI) at fixed airflow rate of 60 L/min. The TSLI setup has an aerodynamic cutoff diameter of 6.4 m. In vitro aerosolization was per formed in triplicate under ambient conditions. Prior to aerosolization, 25 mg of formulation was transferred onto the SET loading area located at the proximal end of the inlet section A solenoid switch was placed between the TSLI and the aspirator to achieve instant actuation for SET ex-periment. Each actuation was lasted for 10 sec. FPF values were correlated with s values using PADE non-linear and linear regression models described in Eqs. 3 The ED values generated from SETs were compared with those of DPIs.
Results and discussion 6.2.1 Formulation characterization
Pulmonar y dr ugs (DSCG, AS), car riers (ML, Mann), and dr y powder formulations (DSCG-Lac, AS-Mann) were prepared and characterized previously 3, 6) . Different drugs and carriers were chosen to represent diversity of the formulation components. Briefly, both DSCG and AS were jet-milled and their particle volume size distribution by laser diffraction was: DSCG (D 50 3.68 m, span 0.32) and AS (D 50 3.59 m, span 0.26), respectively. The particle volume size distribution of carriers was: ML (D 50 52.0 m, span ~ 3.10) and Mann (D 50 52.9 m, span 1.19), respectively. Other physico-chemical characterizations including morphology, thermal properties, and crystallinity were reported previously and will not reiterate 3, 6) .
Device characterization
Seven 
Aerosol performance characterization
Using seven SETs, the correlation of FPF with SET s by PADE nonlinear (Eq. 3) and linear regression (Eq. 4) analyses are shown in Fig. 1A-D . The PADE linear regression of DSCG-Lac and ASMann resulted in R 2 0.9909 and 0.9808, respectively. Excellent goodness of fit was observed for both formulation performance evaluations. In previous papers, we stated that FPF max should be an important parameter for evaluating the aerosol formulation 3) .
The interpreted data from the slope of linear regression showed the rank order of the formulation performance efficency 3) . From another perspective, the PADE analyses led to the performance evaluation and prediction across the entire s range. The optimum s required for efficient and reproducible aerosolization is close to FPF max . This sets an appropriate criterion for the construction or selection of proper DPI devices for a particular formulation. Assuming FPF values reach a plateau when they are equal or greater than 85% of the values of FPF max , the critical s values of DPI devices can be interpolated from the fitted regression curve: 
Comparative studies
The experimental results of DPI aerosolization per-formance are show in of the former. Overall, the results obtained experimentally using DPI devices were ver y close to the interpolated FPF obtained from PADE non-linear fitted curve shown above. The FPF pred values were then compared with mean FPF values obtained experimentally using paired t-test. The result showed the difference were insignificant (p > 0.1) This indicated that using the SETs for aerosol performance studies, the PADE method provided a robust method for the evaluation of aerosol performance of commercial DPI devices, in spite of the differences between SETs and DPI devices mentioned above. No significant difference of FPF values was observed when either gelatin or HPMC capsules was used.
It is interesting to observe that FPF values generated from DPI devices experimentally can be predicted from the SET data, considering the vast differences in geometry, dimension, grid, capsule, and the corresponding turbulent airflow field and dispersion mechanisms between them. Similar comparable result was demonstrated earlier using Ventolin ® formulation and different commercial DPIs 2) . Particle entrainment and deaggregation mechanisms in SETs are mainly shear force, other mechanisms of dispersion such as collision and momentum transfer may contribute greatly using DPI devices. However, it is reasonable to suggest that particles which can be removed by shear forces may more readily be removed under the influence of collision and momentum transfer, from which it can be inferred that the FPF interpolated from the SET data can be used for the performance evaluation of DPI products.
The FPF represents the degree of particle deaggregation, whereas the ED represents the degree of particle entrainment. The values of ED were influenced by both formulation and device. (Fig. 1 E-1F , SET-C). This is likely because of the formulation effect. Carrier ML was milled lactose monohydrate particles with much larger span than that of Mann, which indicated that AS-Mann was much easier to fluidize than DSCG-Lac.
In general, smaller ED values were observed using DPI devices than SETs at similar s . Aerolizer ® gave
higher ED values than Rotahaler ® for DSCG-Lac formulation. No significant difference of ED values was observed when either type of capsules was used. The differences of dispersion (FPF, ED values) between SETs and DPIs may be explained from several perspectives including the presence of grid in DPI devices, the compact sizes and complex geometry of DPI devices, and the use of capsule.
The grid may cause increase or decrease in grid turbulence depending on a variety of factors such as the turbulent flow field, grid type and spacing 25, 26) .
Grid may also enhance impaction and effects of viscosity in turbulent flow 25) . These are the features for the particle deaggregation not presented in SETs.
The effect of grid on particle dispersion is sometimes controversial. In one study, FPF values generated from performance with grid were similar to those without; indicating mechanical impaction had little effect on particle deaggregation 32) . While in another study using Aerolizer ® , the structure of grid was found to play a vital role in converting high-velocity tangential flow into low-velocity axial flow, thus increasing FPF 26) .
The turbulent airflow was unlikely to fully develop because of the compact sizes of DPI devices, so the viscous ef fects of the air flow were not uniformly spread throughout. This led to the fluctuation and 
Conclusion
This paper describes the important aspects including turbulent airflow and microparticle interactions that are relevant to the DPI performance. A unique PADE method that allows aerosol performance prediction over defined s range was reviewed and utilized in the experimental study.
The aerosol performance study tested the hypothesis that using SETs as device independent screening tools, the aerosol performance of DPIs with defined airflow parameters can be predicted by interpolation from the PADE fitted curves. In addition, the PADE method suggests the critical s required for efficient and reproducible aerosol performance of a formulation. This could be ver y helpful in the selection of the correct DPI device for the specific formulation to achieve optimum aerosolization.
Undoubtedly, in the final product, different mechanisms of DPI particle separation would be employed. Impaction and momentum transfer mechanisms, for which many devices were designed, have been the focus of considerable research. Nevertheless, it is reasonable to suggest that particles which can be stripped by shear force may more readily be removed under the influence of volume or mass related contributions such as particle-particle and particlewall collision. The SETs and the PADE method are excellent tools for the formulation optimization in the early stage of DPI development, and the selection of proper DPI device and formulation combination for the whole DPI product development.
A method developed to compare per formance of formulations in a manner generally relevant to passive dry powder inhalers should conform to the follow postulates. The method should: 1) Cover the range of air flow per formance characteristics for known inhalers (of clinical significance); 2) Discriminate performance differences between a wide range of formulations and; 3) Demonstrate with known formulations adequate prediction of their performance in DPIs.
It should be noted, however, current study covered only a narrow range of s by two DPI devices, further evaluation of DPI devices at different s and the DPIs with principal dispersion mechanisms other than shear flow are necessary to strengthen the hypothesis.
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